When water-ice grows into salt solutions ion species are excluded by the ice differentially due to non-identical solubility in the ice lattice. This causes an electrical potential across the interface during the ice growth process, initially named the Workman Reynolds Freezing Potential, and may be one of the causes for lightning. However, by measuring the voltage between the ice and water, we have found that when tetrahydrofuran hydrate crystals are grown into salt solutions all ion species are excluded equally and the potential does not manifest. When considered together, this marked difference in ion exclusion scenarios may have ramifications for hydrate exploration because of the chlorine anomaly, which is often used as an indicator of the presence of hydrate reserves.
Introduction
It is estimated that about 90% of natural gas hydrate on Earth is methane hydrate, with potential quantities well above the level of carbon stored as fossil fuel. In some permafrost regions water-ice might also be expected to exist alongside, or perhaps not far above, the hydrates [1] . During hydrate explorations pore-water chlorine anomalies are often used to estimate gas hydrate volumes, with non-standard levels of Cl − taken as an indicator of the presence of gas hydrates International Journal of Geosciences of salt from the hydrate crystal lattice during hydrate formation in the sediment and the respective fresh water release when decomposition is initiated during recovery. That is, the fresh water released has less Cl − than would be found in normal sea water for that region. The connection between shallow water hydrates, where water-ice may also form in very cold regions of Earth and this chlorine anomaly is in need of further investigation, as we outline below. Such an analysis is beyond the scope of this report.
In 1948, Workman and Reynolds [9] discovered that an electric charge separation occurs during freezing of (slightly) ionized water. Several workers have since shown that when dilute solutions of particular salts such as NaCl, KCl, and NH 4 Cl freeze relatively rapidly, a strong but transient potential difference of up to several hundred volts is established between the solid and liquid phases [10] [11]. This electric charge separation is commonly referred to as the Workman-Reynolds Effect, or Workman-Reynolds Freezing Potential (WRFP). We have recently repeated many of those measurements [4] [12] . Basically, we find with dilute aqueous solutions that measured voltages are sensitive to salt species, salt concentration, ice growth rate, ice crystal face, and the external load resistance of the measuring device [13] .
Our results, typical for a single growth rate of ice, grown as polycrystalline ice, are shown in Figure 1 , where it can be seen that the measured voltage shows a maximum as a function of dilution, in this case for NaCl frozen at 16 µms the growth of the ice is complete [12] , as ions within the ice are either neutralized or migrate back to the interface.
Here, we report the markedly different effect which is seen when hydrates of tetrahydrofuran are grown. Clearly THF hydrates are not methane and are not fully representative of hydrates formed at high pressure, but they are often used as a model system. A 17-water fully enclosed cage, for example, may not mimic the THF structure but nonetheless this effect, and its comparison to water-ice, is of interest and in need of further investigation (Figure 2 ).
In 2008 Wilson and Haymet made mention of the difference between water-ice
and THF hydrate grown as single crystals and measured in the method described here [5] . We commented that hydrates fully exclude all species of ion and so the effect is lost and the WRFP is zero, but indeed it remains a possibility that the hydrate crystal is equally porous to both positive and negative ions. What we now show is the comparison for polycrystalline ice and for polycrystalline hydrates grown into similar ion concentrations at growth rates similar to those we previously used. Figure 3 shows typical results of WRFP measured when hydrate of tetrahydrofuran (THF) formed at 81 wt% water is grown into salt solutions, for the same salt concentrations at which water-ice has been grown. The THF was nucleated rapidly and with multiple nucleation sites, forming multiple small initial crystals and so allowing multiple larger crystals to grow into the salt solution. This is in contrast to our previously published reports [5] [12] using single water-ice crystals and hydrate crystals grown from a single nucleating site and with attention to allowing only a single crystal with known crystal face (in the case of water) to grow as the interface with the solution.
What we find here is that the voltage formed is consistently less than 100 mV over the range of concentrations measured. The value of the freezing potential can thus be used as a direct measure of the level of differential ion exclusion, and we see that the hydrate excludes both species equally.
Conclusions
By measuring the Workman Reynolds Freezing Potential formed by the differential well be a factor which needs further consideration. Other considerations involved in this phenomenon will include sea ice growth, high latitude frozen soils, or ice cores, all of which have been studied by experiments using a salt exclusion model [5] .
As far as we are aware this is the first report of the comparison of ion exclusion properties using polycrystalline solids of both water ice and THF hydrate and represents a line of investigation in need of further consideration, particularly for those involved in using Cl − anomalies for hydrate exploration in areas where water ice may form, or may have formed either during the hydrate formation or during the test measurements. Our results will be useful for the confirmation of molecular models of the ice/water interface, such as the recent work of Nagata et al. [14] . Next steps might now be to look at other hydrate formers at one atmosphere such as cyclopentane and then to move to high pressure systems such as methane.
